Background: Childhood obesity is associated with advanced bone age (BA). Previous studies suggest that androgens, oestrogens, sex hormone-binding globulin, and insulin are responsible for this phenomenon, but results are contradictory and might be biased by confounders. We aim to elucidate this matter by applying a multivariate approach. Method: We performed a correlation analysis of BA standard deviation score (SDS) with age-and sex-specific SDS for androgens, oestrogens, and with indicators of insulin secretion derived from oral glucose tolerance testing, in a group of obese children. A multivariate analysis was performed to investigate which parameters were independently predictive of BA SDS. Results: In this cohort (n = 101; mean age 10.9 years; mean BA 11.8 years; mean BMI SDS 3.3), BMI SDS was significantly correlated to BA SDS (r = 0.55, p < 0.001). In a regression analysis in the total cohort (B = 0.27, p < 0.001) as well as in females (B = 0.34, p = 0.042), males (B = 0.31, p = 0.006), and pubertal children (B = 0.32, p = 0.046), dehydroepiandrosterone sulphate (DHEAS) showed a positive, independent association with BA SDS. No association with indicators of insulin secretion was found. Conclusion: BMI SDS is highly correlated to BA SDS in obese children. Increased DHEAS has a central role in advanced BA in obese children.
Introduction
The worldwide increase in overweight and obese children has led to significant morbidity, including type 2 diabetes, cardiovascular diseases, fatty liver disease, impaired development, and psychological problems [1] . Furthermore, children with excess weight have been reported to have accelerated sexual maturation and linear growth, often accompanied by an advanced bone age (BA) and a decreased pubertal growth spurt compared to normal-weight children [2] [3] [4] . The mechanism driving this BA advancement, however, has remained unclear.
Various alterations in hormone levels have been proposed to be responsible for this phenomenon, such as androgens [5] [6] [7] [8] , oestrogens [5] [6] [7] 9] , and sex hormonebinding globulin (SHBG) [7] . Furthermore, 2 recent studies indicated that increasing insulin resistance and insulin secretion are associated with BA advancement [10, 11] . These studies, however, vary widely in study design and outcome parameters investigated, and led to contradictory results. For example, some studies evaluated the difference between BA and chronological age (CA) [8, 10] , whereas others assessed the ratio between these parameters [11] , while an age-adjusted indicator would theoretically be superior. Furthermore, some studies included prepubertal children only [6, 10] , while others also included pubertal children [5, 7] . Additionally, most studies reported on androgen and oestrogen levels as absolute levels, although these vary significantly with age and pubertal staging, making age an important potential confounder in association studies. Finally, various factors are expected to be mutually dependent.
Therefore, we investigated the multivariate relationship between BA standard deviation score (SDS) for age and sex versus age-and sex-adjusted serum concentrations of serum androgens, oestradiol (E2), SHBG (expressed as SDS), and indicators of insulin secretion in a cohort of prepubertal and pubertal obese children.
Methods

Study Cohort
Obese children visiting our obesity clinic between January 2012 and July 2015, in whom BA assessment and an oral glucose tolerance test (OGTT) were performed, were included in this retrospective cohort study. The OGTT, BA assessment, and endocrine measurements were, at that time, part of an extensive diagnostic package which we performed as standard care for all obese children. The aims of this diagnostic approach were (a) early detection of glucose metabolism abnormalities and other complications of obesity such as polycystic ovary syndrome and (b) detection of endocrine or genetic causes of obesity. Exclusion criteria for this study were endocrine disorders (e.g., hypothyroidism), syndromes known to affect insulin sensitivity or increased skeletal maturation BA (e.g., Bardet-Biedl syndrome or overgrowth syndromes), medication affecting insulin sensitivity or skeletal maturation (e.g., metformin or methylphenidate), missing fasting insulin or unreliable OGTT data (e.g., due to vomiting or problems with i.v. catheter), and missing BA SDS (e.g., outside age reference range of BoneXpert). In this cohort, patients with marked hyperphagia and early-onset obesity (onset of obesity <5 years of age) were tested for genetic causes of obesity by means of a genetic panel developed at the University Medical Center in Utrecht. It tests for 53 genes known to cause monogenic obesity. Patients with genetic defects indicating monogenic obesity were included in this study, since there is no reason to assume that their BA is affected in any other way than in other obese children. The results for these patients are shown with specific symbols in the Figures. The study was approved by the Medical Ethics Committee of the Leiden University Medical Center and conducted within the terms of the Declaration of Helsinki. Since all participants received standard of care only, subject consent was waived.
Anthropometric Data and Definitions
At the first visit, height and weight were measured using a stadiometer and calibrated scale, respectively. Obesity and BMI SDS were determined using the International Obesity Taskforce criteria [12] . Height SDS was determined based on the Dutch nationwide growth study performed in 2009 [13] . Modified Tanner staging [14] was performed to determine pubertal stage (Tanner stage >G1 in males or >B1 in females were scored as pubertal).
BA Evaluation
We used BoneXpert to determine BA and BA SDS on a radiograph of the left hand [15] . BoneXpert is a fully automated system based on an extensive database, which determines the Greulich and Pyle BA by analyzing 15 bones of the left hand and wrist [15, 16] . BoneXpert is validated to determine BA and associated SDS in males aged 2.5-17 years and in females aged 2-15 years for different ethnicities [15, 16] . We used Caucasian as standard reference, since our cohort was largely Caucasian and the non-Caucasian participants were of North African and Middle Eastern descent, for which BoneXpert does not provide ethnicity-specific SDS. The radiographs were made on the date of the first visit or during the visit for OGTT.
OGTT Procedure
OGTT was performed after an overnight fast with a minimum of 10 h. A standardized dose of oral glucose of 1.75 g/kg, with a maximum of 75 g, was administered at the beginning of the test. An intravenous catheter was used to collect the blood samples at t = 0, 30, 60, and 120 min. These samples were analyzed for insulin and glucose concentrations. An extra sample to measure concentrations of E2, testosterone (T), androstenedione (Adione), dehydroepiandrosterone sulphate (DHEAS), and SHBG was obtained at t = 0.
Laboratory Measurements
Blood samples were analyzed in the clinical laboratory of the Leiden University Medical Center (LUMC, The Netherlands). Immulite 2000 XPi (Siemens Healthcare Diagnostics, Tarrytown, NY, USA) immunoassays were used to determine the serum concentrations of insulin (mU/L), SHBG (nmol/L), and DHEAS (μmol/L). T (nmol/L) was analyzed by immunoassay (ECLIA) on a Roche Modular E170 immunoanalyzer, and Adione (nmol/L) was analyzed using a radioimmunoassay of Beckman Coulter (formerly DSL, Woerden, The Netherlands). Glucose was analyzed in serum using a hexokinase method on a Roche Modular P800 chemistry analyzer. Two different but compatible methods, the automated ECLIA assay of Roche and the Orion ultrasensitive radioimmunoassay, were used to measure the E2 levels (pmol/L). Concentrations of the Orion radioimmunoassay method were converted to ECLIA by a conversion factor. Due to the retrospective nature of this study, using data obtained in standard care, no mass spectrometry measurements were available for E2 and T. The Roche DOI: 10.1159/000467393 testosterone (generation 2) and oestradiol (generation 2) assays are state-of-the-art immunoassays with limits of detection of 0.09 nmol/L and 18.4 pmol/L, respectively. Both assays have been standardized against international reference methods (ID-GCMS). The Orion ultrasensitive radioimmunoassay for E2 had a similar limit of detection with excellent correlation in comparison with the Roche assay.
Concentrations of measured outcomes under the detection limit were defined as the mean between the lower detection limit of the test and zero. The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated using the following formula: T0 glucose (mmol/L) × T0 insulin (mU/L)/22.5 [17] . We calculated the area under the curve for insulin levels during the OGTT using the trapezoid method.
Conversion of Serum Steroid Levels to SDS
In order to estimate the possible influence of serum SHBG, E2, and steroid levels on BA advancement, we converted patients' serum levels to SDS, based on published reference values using the same assays. Since the age distribution is skewed, for each age interval separate SD values were calculated above and below the mean. Values for +1 SD and -1 SD were estimated by dividing the difference between P97.5 and P50 and the difference between P50 and P2.5 by 1.96, respectively, as previously described [18] . For DHEAS and SHBG we used the age-and sex-specific centiles provided by Elmlinger et al. [19] .
Reference data for T and E2 were derived from the Caliper database [20] . For these parameters, we calculated SDS only for children ≥9.0 years of age, since the reference values for children <9 years of age were largely below the detection limit. For children aged ≥9.0 years with plasma concentrations below the detection limit we imputed the data by dividing the lower detection limit by 2. We used the data from the Caliper database to directly calculate 1 SDS and -1 SDS in different age groups.
For DHEAS, SHBG, T, and E2 smoothed-fit lines of the -1 SD, P50, and 1 SD data points were created, providing an equation to calculate age-and sex-adjusted SDS for these hormones: (serum concentration -age-specific P50)/(age-specific -1 or +1 SD); SDS(X) = ([X]-P50)/SD. There were no reference data applicable for our assay for serum insulin and Adione, so these concentrations in our patients could not be expressed as SDS. The results of smoothfitting and plots of SDS in our cohort are summarized in the supplementary Figures (SHBG SDS, online suppl. Fig. 1 ; DHEAS SDS, online suppl. Fig. 2 ; T SDS, online suppl. Fig. 3 ; E2 SDS, online suppl. Fig. 4 ; see www.karger.com/doi/10.1159/000467393).
Statistical Analysis
All analyses were performed using IBM 23.0 SPSS Statistics. We performed analyses for the total cohort as well as for subgroups based on sex and puberty. Normality was tested using the KolmogorovSmirnov and the Shapiro-Wilk tests (p > 0.05 was considered normally distributed). We report on mean and SD and median with interquartile range for Gaussian and non-Gaussian distributed data, respectively. For the various SDS we investigated whether they significantly differed from zero using one-sample t tests or a one-sample Kolmogorov-Smirnov test. Correlation analyses were performed using Pearson and Spearman correlations depending on normality.
First, we performed correlation analyses exploring the possible effect of age and BMI SDS on the various parameters possibly influencing BA. We then investigated the correlation of these parameters with BA SDS. In both analyses, we report on significant correlations (p < 0.05).
As a last step, we investigated which parameters were independently associated with BA SDS using backward regression analyses, using the pairwise exclusion option in SPSS. In a model with BA SDS as the dependent variable we entered age, sex, DHEAS SDS, SHBG SDS, fasting insulin, HOMA-IR, and area under the curve for insulin measurements during OGTT and investigated independent relationships to BA SDS in the total cohort and subgroups split on sex and puberty. E2 SDS and T SDS were only entered in the model for the pubertal subgroup, since they were unavailable for most prepubertal subjects. We tested the assumptions of each model by checking the independence of the residuals (Durbin-Watson test), inspecting their homogeneity (inspection of the scatterplot), and testing their normality (Kolmogorov-Smirnov test >0.05)
Results
Study Cohort Characteristics
Out of the 184 children who visited the Willem-Alexander Children's Hospital, 101 children met the inclusion criteria for this study. Figure 1 summarizes the reasons for exclusion of the remaining subjects. Baseline characteristics are presented in Table 1 . The cohort had a mean age of 10.9 years and a mean BA of 11.8 years, resulting in a mean BA SDS of 1.2; 57% of the children were pubertal, and 47% were female. The mean height SDS was 0.6 and the mean BMI SDS 3.3. Mean BA SDS and DHEAS SDS were increased (both p < 0.001), while T SDS and SHBG SDS were decreased compared to age references (p = 0.032 and 0.003, respectively).
In 5 subjects of the final cohort, a genetic mutation was found. Two male subjects showed a heterozygous MC4R mutation (Cys293Tyr en Ile251Leu) and 1 male subject showed a heterozygous mutation in WDPCP (Leu379Ser). Furthermore, 1 female subject showed a heterozygous mutation in BBS7 (Gln365Leu), while another female subject was found to have 2 heterozygous variants in CEP290 (Ile1059fs) and MKKS (Ala242Ser).
Correlation between Outcome Parameters and Age or BMI SDS
The correlation analysis of the outcome parameters with age and BMI SDS are presented in Table 2 and scatterplots are shown in Figure 2 . The data are presented as Pearson correlation or Spearman ρ, where applicable. BMI SDS was negatively correlated with age in prepubertal children and positively in pubertal children, showing a U-shape over the whole age range (Fig. 2a) .
The insulin parameters in the total cohort as well as in subgroups according to sex and puberty showed a positive correlation with age. T SDS showed a significant negative correlation with age (ρ = -0.35) in males. In the prepubertal subgroup, SHBG SDS negatively correlated with age (ρ = -0.38), in contrast to a positive correlation with age (ρ = 0.35) for DHEAS SDS. Fasting insulin (ρ = 0.28), HOMA-IR (ρ = 0.28), and area under the curve for insulin measurements during OGTT (ρ = 0.42) showed a significant positive correlation with BMI SDS in the pubertal subgroup. BMI SDS showed a trend toward a positive correlation with DHEAS SDS in the whole cohort and the pubertal subgroup. In contrast, there was a trend toward a negative correlation with SHBG SDS in the whole cohort, which reached statistical significance in the pubertal subgroup. Figure 2b shows that in the great majority of patients BA is advanced. As shown in Table 3 and Figure 2c , BA SDS is relatively more advanced in young children: there was a significant negative correlation between BA SDS and age in the total cohort (r = -0.29) as well as in subgroups split on sex (female, r = -0.31; male, r = -0.41). BMI SDS showed a strongly significant correlation with BA SDS in the total cohort (ρ = 0.55) (Fig. 2d) as well as in the female (ρ = 0.49), male (ρ = 0.55), prepubertal (ρ = 0.52), and pubertal (ρ = 0.51) subgroups.
Correlation of BA SDS with Clinical and Biochemical Parameters
Correlations between BA SDS and biochemical variables are presented in Table 3 . In females, T SDS showed a positive correlation with BA SDS (ρ = 0.44). In the total cohort, as well as in the male and both puberty subgroups, DHEAS SDS showed a positive correlation with BA SDS. SHBG SDS was negatively associated with BA SDS, particularly in pubertal children (ρ = -0.31). The insulin parameters and E2 SDS did not show significant correlations with BA SDS in the total cohort or in any subgroup.
Regression Analysis for BA SDS
The results of backward regression analysis are summarized in Table 4 . In the total cohort, backward regression analysis resulted in a model, including sex, DHEAS SDS, and age, explaining 27% of the total variance in BA SDS (overall fit of the regression model F = 10.55, p < 0.001). In the female subgroup we found a model explaining 21% of the variance in BA SDS including DHEAS SDS, SHBG SDS, and age (F = 3.33, p = 0.030). In contrast, in males the model did not include SHBG SDS, but only contained DHEAS SDS and age (F = 9.50, p < 0.001), explaining 30% of the variance. For the subgroups split on puberty, regression analysis showed a model explaining 31% of the variance in BA SDS, including sex, SHBG SDS, and age in prepubertal subjects (F = 4.88, p = 0.006), and a model explaining 11% of the variance only including DHEAS SDS (F = 4.27, p = 0.046) in pubertal subjects.
Discussion
The results of this study show that the mechanisms driving BA advancement in obese children are complex. In multiple regression analyses we have shown that DHEAS levels positively associate with BA SDS and SHBG levels negatively. However, results are variable across subgroups according to sex and pubertal status. Furthermore, we were able to explain only a limited percentage of the variance in BA SDS (with a maximum of 31% in prepubertal children), indicating that some factors driving BA advancement were not included in this analysis.
As expected, in this cohort of obese children, mean height SDS was above average for the population, and BA was advanced compared to CA. Furthermore, BA SDS and BMI SDS were strongly correlated. This is in line with studies reporting advanced linear growth and skeletal maturation in children with excess weight [2] [3] [4] 21] . In addition, we have confirmed previous studies [3, 7, 22] showing that obese children have high DHEAS levels compared to a reference population. Our observation that DHEAS SDS is associated with BA SDS, especially in pubertal children, independent of various confounders, is in accordance with the results of a study by Sopher et al. [6] , which showed that, in a group of obese children, the highest tertile of the ratio between BA and CA was associated with high DHEAS levels. These authors posed that high DHEAS levels indicate high levels of androgens, leading to increased levels of E2 by peripheral conversion, which in turn leads to advanced bone maturation. The absence of an association between E2 and BA SDS in our cohort might be caused by the fact that our E2 assay lacks sensitivity in the lower ranges. Consistent with this explanation is a study by Klein et al. [9] showing that E2 levels correlated with BA in obese and lean children when using a more sensitive assay. Alternatively, it has been suggested that the production of E2 takes place at the tissue level [6] , so that no rise in circulating E2 levels can be detected, thereby explaining the lack of association between E2 and BA SDS in our cohort. Furthermore, our findings are in line with the work of DeSalvo et al. [23] who showed that, in a cohort of children with premature adrenarche, the subgroup of children with BA advancement >2 years had higher BMI and higher DHEAS levels than the subgroup of children with BA advancement <1 year. This might suggest an overlap between the pathophysiological mechanisms leading to BA advancement in patients with premature adrenarche and patients with obesity [23] .
Although the pathophysiological mechanism remains uncertain, the results of our study show an independent association between DHEAS SDS and BA SDS in the total cohort as well as in males, females, and pubertal children, indicating a central role for DHEAS in the BA advancement found in obese children. The scientific implications of the results of our study are that insulin is an unlikely cause of bone advancement in obese children, while DHEAS secretion can now be viewed as at least one of the intermediary factors. A possible clinical implication of our findings could be that it would be useful to measure DHEAS in obese children with substantial BA advancement and/or increased statural growth. If available, it would also be useful to measure serum E2 with an ultrasensitive assay. In case of high concentrations, these could be accepted as causes of the clinical phenotype, so that the clinician can consider abstaining from further diagnostic workup of the patient. Variables included in all models: age, fasting insulin, HOMA-IR, AUC insulin, DHEAS SDS, SHBG SDS. In the total cohort and pubertal subgroups, sex was added as an independent variable. In the pubertal subgroup only, oestradiol SDS and testosterone SDS were added as independent variables. BA, bone age; HOMA-IR, homeostatic model assessment of insulin resistance; SHBG, sex hormone-binding globulin; DHEAS, dehydroepiandrosterone sulphate; SDS, standard deviation score.
Childhood Obesity and Bone Age Advancement Our finding of decreased plasma SHBG levels in obese children compared to reference intervals, based on lean children, is in accordance with previous reports [3, 7, 23] and has been reported to be caused by hyperinsulinaemia, related to insulin resistance and low-grade inflammation [24] . Using sensitive E2 assays, it was also shown that obese adolescents have increased E2 levels, combined with decreased SHBG levels, possibly resulting in high levels of free E2 [23] , which in turn might lead to increased bone maturation [24] .
In addition to the generally decreased SHBG in obese children, we found a negative association in the regression analysis of SHBG SDS with BA SDS in prepubertal children. Decreased SHBG is associated with the increase of adrenal androgens during puberty [25] , which in turn can stimulate bone maturation by locally increasing oestrogen levels via expression of aromatase [26] . In contrast, a trend toward a positive association between SHBG SDS and BA SDS was found in regression analysis in the female subgroup, possibly reflecting increased gonadal oestrogen production during puberty, stimulating SHBG in girls. This association, however, did not reach significance (p = 0.086), possibly because it is obscured by a lack of assay sensitivity or the combination of the results of 2 oestrogen immunoassays.
It is of interest that we did not find an association between any of the insulin parameters with BA advancement, neither in correlation analyses, nor in regression analyses. In the literature, contradictory results on the association between hyperinsulinaemia and advanced BA have been reported. No association between insulin resistance and the ratio between BA and CA was found in prepubertal children in a study by Sopher et al. [6] , whereas Klein et al. [5] found an association between insulin levels and the top tertile of this ratio in a cohort aged 3-18 years. Furthermore, Pinhas-Hamiel et al. [11] showed that overweight children aged 4-13 years with a fasting insulin >30 mU/L had a 6.8-fold increased risk of falling into the top tertile of the ratio between BA and CA, independent of the degree of obesity. Lee et al. [10] investigated the relation between insulin resistance and BA in prepubertal obese children and found an independent, positive correlation between HOMA-IR and the difference between BA and CA using multiple regression analysis. None of these 3 studies, however, corrected for the possible confounding effects of androgens and oestrogens, which might bias these results, and the outcome parameter of BA advancement was not adjusted for age and gender. Furthermore, there was considerable variability in ethnicity between studies, which might in part explain the differences in outcome. In addition, the positive association between insulin secretion and age could lead to bias, too. Another possible explanation for the lack of association between BA SDS and insulin parameters in this cohort might be that a large number of the subjects in this cohort is already insulin resistant. Possibly, the effects of insulin on BA are more pronounced in children in the early stages of developing insulin resistance.
The finding of independent effects of sex in the multiple regression analysis is remarkable. It suggests that male and female subjects are differentially affected by increased BMI in their advanced bone maturation. This is in agreement with the findings of Crocker et al. [27] who have recently shown that pubertal development is differentially affected in obese male and female subjects. They showed that, in female subjects, progressive Tanner staging correlated with advanced BA, while in boys BA advancement was independent of testicular development. Furthermore, insulin resistance correlated positively with breast development in girls, while it was negatively correlated with testicular size in boys [27] . This underlines the sexual dimorphism in the way obesity affects maturation.
As shown in our regression models, the maximum percentage of variance explained by a model was 31%, suggesting that factors not included in this study might contribute to BA advancement. It has been suggested that leptin [28] and IGF-1 [8] might contribute to BA advancement in obesity, although recent work by Sopher et al. [6] showed no association between these parameters and BA advancement. Future studies in larger cohorts should include these parameters to clarify the role these factors play in this matter.
A major strength of our study is the use of an automated method for BA assessment, which results in a reduced inter-subject and an absent inter-observer variance [29] . The use of BoneXpert also enabled the calculation of a reliable BA SDS from a representative population reference. Furthermore, where possible, we used age-and sex-specific SDS to investigate the relationship between hormone levels and BA SDS, thereby correcting for variance in these hormones caused by age and sex. Furthermore, we corrected for multiple confounders using regression analysis, which makes a causal relationship between the observed factors associated with advanced BA more plausible.
A limitation of our study is the fact that BoneXpert only supports the BA assessment of boys between 2.5 andDOI: 10.1159/000467393 are a clinically less relevant study group. Secondly, BoneXpert contains reference data for SDS of Caucasian, Asian, Hispanic, or Afro-Americans [16] but not for children of Turkish or Moroccan background. Therefore, we used Caucasian references as the standard for all children. The majority of the cohort, however, is Caucasian. A third limitation is that the assay for E2 has a limited sensitivity, which might obscure its association with BA SDS in prepubertal children. Finally, due to the large number of potential confounders included in the regression models, our sample size was too small to investigate sex effects separately in the prepubertal and pubertal age group. In addition, the small sample size in some subgroups (e.g., prepubertal), may have led to false negative results in the multiple regression analysis. Future research should therefore include larger cohorts, allowing for adjusting for multiple confounders in the regression analysis. Furthermore, longitudinal designs could help to gain additional insights into the mechanisms driving accelerated bone maturation in obesity. In addition, future studies would benefit from age-and sex-specific SDS for Adione and insulin and should include leptin and IGF-1.
In conclusion, using multiple regression analysis, we have shown that increased DHEAS levels, reflecting adrenal androgen production, play a central role in BA advancement in obese children and adolescents and that decreased SHBG levels may further contribute to this phenomenon, though this finding needs further investigation.
